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The wave-function composition for the low-lying states in 29Na was explored by measuring their
electromagnetic properties using the Coulomb-excitation technique. A beam of 29Na ions, postaccelerated
to 70 MeV, bombarded a 110Pd target with a rate of up to 600 particles per second at the recently
commissioned ISAC-II facility at TRIUMF. Six segmented HPGe clover detectors of the TIGRESS γ -
ray spectrometer were used to detect deexcitation γ rays in coincidence with scattered or recoiling
charged particles in the segmented silicon detector, BAMBINO. The reduced transition matrix element
|〈 52
+
1 ||E2|| 32
+
gs〉| in 29Na was derived to be 0.237(21) e b from the measured γ -ray yields for both projectile
and target. This ﬁrst-time measured value is consistent with the most recent Monte Carlo shell-model
calculation, indicating a signiﬁcant admixture of both sd and pf components in the wave function, and
also providing evidence for the narrowing of the neutron sd–pf shell gap from ∼ 6 MeV for stable nuclei
to ∼ 3 MeV for 29Na.
© 2009 Elsevier B.V. Open access under CC BY license.The success of the shell model applied to atomic nuclei derives
its origins from the existence of a set of “magic” numbers [1,2]
corresponding to particularly stable proton and neutron conﬁgura-
tions in nuclei along, or close to, the line of β stability. However, it
has since come to light that these magic numbers are not universal
quantities, and for certain exotic nuclei new magic numbers appear
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Open access under CC BY license.while the established ones disappear. The physical origin of this
phenomenon may be attributed to the isospin-dependent part of
the nucleon–nucleon interaction in nuclei [3–5]. Probing the effec-
tive nuclear interaction in exotic nuclei, belonging to regions of the
nuclear landscape where the neutron/proton ratio is signiﬁcantly
different than near stability, will thus provide important new in-
formation to challenge current theoretical predictive capabilities.
For neutron-rich light nuclei with Z ∼ 12 and N ∼ 20, a region
far from stability, the protons occupy the d5/2 orbits at the bottom
of the sd shell whereas the neutrons—at least in the traditional
A.M. Hurst et al. / Physics Letters B 674 (2009) 168–171 169shell model picture—are expected to populate the d3/2 orbitals up
to the N = 20 shell-model magic number. However, for some of
these neutron-rich nuclei it has already been demonstrated that
the valence neutrons begin to ﬁll the lower orbits of the next ma-
jor shell, the pf shell, before completely ﬁlling the d3/2 orbit of
the sd shell [6,7]. It is therefore important to experimentally study
this evolution along a given isotope chain to provide essential data
for modeling the effective nuclear interaction in nuclei across the
entire nuclear chart.
Early experimental and theoretical investigations into the prop-
erties of these neutron-rich nuclei resulted in the identiﬁcation of
Na [8,9], and Mg [10,11] nuclei with binding energies and other
structural characteristics that could not be explained on the ba-
sis of pure sd conﬁgurations [12]. Outlying nuclei were identiﬁed
through a comparison of measured nuclear properties with pre-
dictions of large-scale shell model calculations using the universal
sd-shell (USD) effective interaction [13]; an effective interaction
that has achieved remarkable success in predicting properties of
sd-shell nuclei. The properties of the Na nuclei illustrate the case.
Stable 23Na with N/Z = 1.1 is very well described within the sd
framework by the USD effective interaction. The USD description
of the Na nuclei remains valid with increasing neutron number
for 28Na (N/Z = 1.5) but not necessarily for 29Na (N/Z = 1.6).
The β-decay studies of Tripathi et al. [14,15] show that 29Na is
not well described by USD calculations, however this interpreta-
tion is complicated by a possible 2p–2h intruder component in
the ground state of 29Ne [16]. Furthermore the experimentally de-
termined ground-state quadrupole moment for 29Na [17] is ∼ 30%
larger than predicted by the USD. The addition of one more neu-
tron in 30Na reveals a collective structure [18–20], quite unlike
the expected single-particle characterisation based on three pro-
tons in the d3/2 orbital. This intriguing scenario may be explained
by assuming that the last few valence neutrons do not ﬁll the ex-
pected orbitals in accordance with standard shell-model ordering
near stability, but rather jump to the lower orbitals of the next
major pf shell [20]. Such a phenomenon implies that the sd–pf
shell gap narrows in 29Na to an extent that the energetics are
beginning to favour population of the pf shell, even though the
N = 20 shell closure is not complete. Complex shell-model calcu-
lations performed using effective Hamiltonians incorporating the
sd and pf shell-model spaces, including the cross-shell mixing
terms, support this hypothesis [20–22]. The most recent calcula-
tion of 29Na utilising Monte Carlo shell-model (MCSM) techniques
with an SDPF-M Hamiltonian [20], based on a valence shell com-
prising all the sd-shell orbits and the two lower orbits of the pf
shell and with the effective charges (ep, en) = (1.3e,0.5e), predicts
strong mixing between the sd and pf shells at 29Na (N = 18),
while 28Na is predicted to have a nearly pure 0p–0h normal sd
conﬁguration, and 30Na a nearly pure 2p–2h intruder pf conﬁgura-
tion. The f7/2p3/2 wave-function admixtures imply that signiﬁcant
collectivity develops for electromagnetic transitions between the
low-lying positive parity states in 29Na.
This work tests these predictions for the boundary nucleus 29Na
using sub-barrier Coulomb excitation to excite the 72-keV ﬁrst-
excited state in this nucleus and determine the E2 matrix element
for its decay. In this Letter we report the ﬁrst measurement of the
reduced transition matrix element 〈 52
+
1 ||E2|| 32
+
gs〉 for 29Na.
The energetic beam of 29Na was obtained by fragmentation
in a Ta primary target bombarded by a 500-MeV, 70-μA proton
beam at the TRIUMF cyclotron. The 29Na atoms effusing out of the
target were ionised to singly-charged 29Na+ in a Re surface-ion
source, accelerated to 58 kV, then separated according to A/q in a
magnetic sector ﬁeld and transported to an RFQ where they were
accelerated to 150 · A keV. The delivery of a high-quality radioac-
tive 29Na+ beam was enabled through tuning efforts with a stable
58Ni2+ pilot beam, both species having A/q = 29. The 29Na+ ionswere subsequently stripped to 29Na5+ ions (A/q = 5.8) and postac-
celerated to 1.53 · AMeV by the room-temperature Drift Tube
LINAC, ISAC-I [23]. Surviving ions were transported to the super-
conducting LINAC components of ISAC-II [23,24] via an achromatic
S-bend transfer line, accelerated to ﬁnal total bombarding energy
of 70 MeV, and delivered to a secondary Coulomb-excitation tar-
get comprising a 2.94-mg/cm2 foil of 110Pd (97.6% enriched) with
a beam intensity as large as 600 ions/s. Six Compton-suppressed
clovers of the TIGRESS array [25] were arranged around the target
chamber. Each clover comprises 32-fold segmented HPGe detectors
coupled with 12-fold segmented modular Compton suppression
shields. The faces of the clover detectors were 11 cm from the tar-
get while these detectors subtended a polar laboratory range from
22.5◦ to 157.5◦ , covering approximately 36% of 4π . An annular
double-sided 140-μm thick silicon detector, BAMBINO, was mounted
3 cm downstream of the target position, perpendicular to the beam
direction, and was used for detection of the scattered beam and
recoiling target particles. The front face of BAMBINO is segmented
into 32 sector strips, while the back face is composed of 24 an-
nular strips. This detector covered a range of forward laboratory
angles between 20.1◦ and 49.4◦ . The A = 29 beam was dumped
in a beam-stopper ∼ 1 m downstream of the Coulomb-excitation
target. Spectra from an 80% HPGe detector at this position only re-
vealed γ -decay lines belonging to the subsequent β−-decay prod-
ucts of 29Na (T1/2 = 44.9(12) ms).
Although it is possible to kinematically distinguish the projec-
tile- and target-like particles through their energy as a function
of the laboratory angle, in order to maximise statistics from this
low event-rate experiment, the coincidence γ -ray energy spectrum
presented in Fig. 1 was generated according to acceptance of ei-
ther particle type impinging onto BAMBINO and thus corresponds
to acceptance of both particle types arriving within the prompt-
coincident event window. A wide prompt particle-γ coincidence
window of ∼ 700 ns was used to ensure that all low-energy 29Na
events were accounted for with full eﬃciency.
Isobaric contamination of the incident beam is often a preva-
lent issue and must be investigated thoroughly in radioactive-beam
experiments. The particle-energy spectrum shown in Fig. 2 corre-
sponds to the total energy deposited in the two innermost rings
of BAMBINO (covering an angular range from 20.1◦ to 23.4◦) and
reveals two sharp peaks centered around 45 MeV and 50 MeV
indicating a two-component beam mixture. With energy loss con-
siderations (both in the 110Pd target as well as the 0.58-mg/cm2
thick 197Au coating on the silicon strips) particle-energy peaks at
45 MeV and 50 MeV were assigned to scattered particles corre-
sponding to 29Al and 29Na, respectively. The 110Pd-target recoils
can be identiﬁed by the broad peak at low energy in the spec-
trum. The A = 29 beam was by composition 72.0(8)% 29Na and
28.0(8)% 29Al, determined from this energy spectrum and the cal-
culated Rutherford cross sections integrated over the energy losses
of the isobars in the target and the total polar range subtended by
the two annular strips.
Excitation of both projectile and target was observed in this
experiment due to the electromagnetic interaction between the
colliding nuclei. Since the average projectile–target surface distance
was always greater than 5 fm at the incident bombarding energy,
any nuclear interference is therefore considered negligible [26].
Under these conditions, only the lowest-lying excited state is ex-
pected to be strongly populated in each nucleus, with excitations
to higher states signiﬁcantly weaker, ∼ 1% or less. Determination
of the transition matrix element 〈 52
+
1 ||E2|| 32
+
gs〉 for 29Na was ac-
complished according to the relative γ -ray yield between 110Pd
and 29Na. Similar approaches have been successfully adopted in
other radioactive-ion beam Coulomb-excitation experiments that
have also used the isotope separator online technique, e.g. see
Refs. [27–30]. The integrated γ -ray yield for the 2+1 → 0+gs tran-
170 A.M. Hurst et al. / Physics Letters B 674 (2009) 168–171Fig. 1. Particle-γ coincident, suppressed, random-subtracted γ -ray energy spectrum observed following ∼ 70 h of beam on target corresponding to 110Pd(29Na, 29Na∗) at
Ebeam = 70 MeV. The prominent peaks are marked and correspond to the 5/2+1 → 3/2+gs transition at 72 keV in 29Na, and the 2+1 → 0+gs at 374 keV in 110Pd.
Fig. 2. Particle-energy spectrum corresponding to the total energy deposited in the two innermost annular strips of the BAMBINO silicon array. At high energy the 29Al
and 29Na ions can be clearly separated, while the 110Pd ions recoil at much lower energy. The positions of the different particle types are labeled on the spectrum. A linear
energy transformation has been applied to the all events registered in the second ring to ensure the centroids corresponding to the different beam particles overlap upon
summation.sition in 110Pd was calculated directly using the multiple Coulomb-
excitation code GOSIA [31] together with known properties of 110Pd.
The calculation was performed based on known matrix elements
for all signiﬁcant couplings up to the second excited 4+ state
in 110Pd [32], then integrating over the energy loss of the beam
through the target and over the solid angle subtended by BAM-
BINO corresponding to acceptance of both scattered-beam (20.1◦–
49.4◦) and recoiling-target (20.1◦–31.0◦) particles. Corrections for
angular distribution effects and internal conversion processes were
also taken into account. The total observed number of 110Pd γ
rays had two components due to incident-beam isobaric con-
tamination; these were derived according to excitations based on
29Na/110Pd and 29Al/110Pd monopole/quadrupole interactions. The
corrected number of counts for this 2+1 → 0+gs transition in 110Pd
was 90(9) for the 29Na/110Pd component, while the number of
counts recorded for the 5/2+1 → 3/2+gs transition in 29Na was
56(7). An experimental Coulomb-excitation cross section for the
5/2+1 → 3/2+gs transition in 29Na was then deduced relative to theknown 2+1 → 0+gs transition in 110Pd. The unknown 29Na reduced
transition matrix element 〈 52
+
1 ||E2|| 32
+
gs〉 could then be treated as a
variable parameter in the GOSIA calculations, while the reduced di-
agonal matrix element, 〈 32
+
gs||E2|| 32
+
gs〉 = 0.121(4) e b, was derived
from a previous measurement of the ground-state quadrupole mo-
ment [17], in order to determine the value consistent with the
experimental yield. Effects from virtual excitation to higher-lying
states in 29Na were included but found to have negligible impact
on the 5/2+1 → 3/2+gs yield. The yield was also found to be insen-
sitive to sign differences from higher-order couplings, in particular
the sign of the diagonal element, 〈 52
+
1 ||E2|| 52
+
1 〉, assumed to be|0.026(1)| e b in accordance with a rotational model calculation,
only leading to a yield difference at the ∼ 0.1% level depending
on constructive or destructive interference modes. Systematics im-
ply that the 5/2+1 → 3/2+gs transition proceeds largely via an M1
decay mode. The estimated |〈 52
+
1 ||M1|| 32
+
gs〉| value of 0.207μN in
29Na was based on previous lifetime measurements in 25Na [33].
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sition was found to be almost entirely insensitive to the sign and
magnitude of the M1 matrix element, while a small yield differ-
ence of 1.5% resulted from the angular distribution correction.
A value for |〈 52
+
1 ||E2|| 32
+
gs〉| = 0.237(21) e b has been extracted
for 29Na in this work, corresponding to a B(E2;5/2+1 → 3/2+gs) =
17.7(32) W.u. The statistical uncertainty arising from the measured
peak areas, ∼ 16%, dominates the quoted 1-σ error on this mea-
surement. Other contributions include uncertainties in the beam
composition and target purity, ∼ 3% and < 0.1% respectively, along
with a ∼ 6% systematic uncertainty in the magnitudes (and signs)
of the matrix elements corresponding to couplings with higher-
lying states in 110Pd (and 29Na), in addition to the ∼ 2% uncer-
tainty on the relative γ -ray eﬃciency measurements; all of which
are much less signiﬁcant. As a consistency check cross sections
for the 5/2+1 → 3/2+gs transition in 29Na were also deduced from
γ -ray spectra kinematically constrained to events in coincidence
with: (i) forward-scattered projectiles (29Na or 29Al); (ii) forward-
scattered recoils (110Pd). Experimental cross sections of 155(30)
and 61(22) mb were attained for projectile-constrained and recoil-
constrained events, respectively. These results are in good agree-
ment with the calculated yield assuming the average value of the
above reduced matrix element 〈 52
+
1 ||E2|| 32
+
gs〉 determined in this
measurement: 144 mb for projectile-constrained and 65 mb for
recoil-constrained events.
Our experimental result, |〈 52
+
1 ||E2|| 32
+
gs〉| = 0.237(21) e b, is con-
sistent with the prediction of the MCSM using the SDPF-M inter-
action [20], |〈 52
+
1 ||E2|| 32
+
gs〉| = 0.232 e b, which also predicts the
correct ground-state spin I = 3/2+ [34] for 29Na (cf. the result us-
ing the USD interaction with (ep, en) = (1.3e,0.5e): Igs = 5/2+;
|〈 32
+
1 ||E2|| 52
+
gs〉| = 0.211 e b). This result therefore supports the the-
oretical conjecture allowing for neutron excitations across the shell
gap, resulting in neutrons ﬁlling the next major pf shell before
completion of the N = 20 sd major shell, and a strongly-mixed
state comprising a 30–40% admixture of 2p–2h conﬁgurations in
the wave function [35]. This scenario would imply a narrow sd–pf
neutron-shell gap of ∼ 3 MeV [20] for 29Na. Since a successful de-
scription of the electromagnetic properties of the 5/2+1 and 3/2+gs
states assumes a similar underlying single-particle conﬁguration,
it is relevant to discuss the rotational correlations of the signiﬁ-
cantly enhanced transition probability between these two states.
Within the framework of a rotational model calculation and as-
suming a prolate deformation, an intrinsic quadrupole moment,
Qt = 0.524(46) e b, is deduced from the transition matrix ele-
ment derived for 29Na from this measurement. This value is in
good agreement with the SDPF-M calculation, Qt = 0.513 e b [20].
Contrasting behaviour in the static and dynamic-nuclear properties
of 29Na, arising from differences in the underlying single-particle
conﬁgurations of the ground and excited states, may explain the
difference between the present measurement and that of an earlier
experimental result using β-NMR spectroscopy, Q 0 = 0.430(15) e b
[17]. This intrinsic quadrupole moment, derived from the ground-
state spectroscopic quadrupole moment, 0.086(3) e b, also com-
pares well with the SDPF-M calculation, Q 0 = 0.455 e b.
In summary, a successful sub-barrier Coulomb-excitation mea-
surement of a radioactive beam of 29Na ions has been performed
at the recently commissioned ISAC-II facility at TRIUMF. From the
measured γ -ray yields, the transition probability to the ﬁrst ex-
cited state in this nucleus has been determined for the ﬁrst time.
The extracted result shows strong evidence for sd–pf shell mix-
ing in both the ground and ﬁrst-excited states in 29Na, in good
agreement with the SDPF-M prediction [20]. The inadequacy of theUSD description of the ground-state properties of 29Na had already
been previously established from the earlier static quadrupole mo-
ment measurement [17]. This Letter provides further evidence in
support of this scenario from a dynamic measurement of the tran-
sition probability to the ﬁrst excited state in 29Na. While the
main part of the island of inversion has been largely explained
by theoretical interpretation, the boundary regions remain espe-
cially challenging. In the future we will extend our measurements
to neighbouring nuclei 30Na and 31Mg in order to further test
the predictive capabilities of current shell-model theories. This ex-
periment has demonstrated the ability to perform very successful
low-energy ISOL experiments with beam rates as low as only a
few hundred particles per second. With the proposed advances for
the next generation of γ -ray spectrometers, e.g. AGATA [36] and
GRETA [37], an order of magnitude increase in γ -ray detection ef-
ﬁciency will be available, allowing for unparalleled access to the
most exotic nuclei with beam rates as low as a few tens per sec-
ond.
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